There is reason to believe that resting free calcium concentration [Ca 2+ ] i in neurons in the suprachiasmatic nucleus (SCN) may vary with the circadian cycle. In order to start to examine this hypothesis, optical techniques were utilized to estimate resting Ca 2+ levels in SCN cells in a rat brain slice preparation. [Ca 2+ ] i measured from the soma was signi®cantly higher in the day than in the night. Animals from a reversed light±dark cycle were used to con®rm that the phase of the rhythm was determined by the prior light±dark cycle. The rhythm in Ca 2+ levels continued to be expressed in tissue collected from animals maintained in constant darkness, thus con®rming the endogenous nature of this variation. Interestingly, the rhythm in Ca 2+ levels was not observed when animals were housed in constant light. Finally, the rhythm in Ca 2+ levels was prevented when slices were exposed to tetrodotoxin (TTX), a blocker of voltage-sensitive sodium channels. Similar results were obtained with the voltage-sensitive Ca 2+ channel blocker methoxyverapamil. These observations suggest a critical role for membrane events in driving the observed rhythm in Ca 2+ . Conceptually, this rhythm can be thought of as an output of the circadian oscillator. Because [Ca 2+ ] i is known to play a critical role in many cellular processes, the presence of this rhythm is likely to have many implications for the cell biology of SCN neurons.
Introduction
The circadian timing system regulates many aspects of an organism's behaviour and physiology. In mammals, the part of the nervous system responsible for most circadian behaviour can be localized to a pair of structures in the hypothalamus known as the suprachiasmatic nucleus (SCN). Importantly, when these cells are removed from the organism and maintained in a brain slice preparation, they continue to generate 24-h rhythms. Previous studies suggest that the basic mechanism responsible for the generation of these rhythms is intrinsic to individual cells in the SCN (Welsh et al., 1995) and perhaps in other cell populations (Balsalobre et al., 1998) . The core molecular mechanism driving these cellular oscillations appears to be a negative feedback loop operating at the level of transcription/translation (e.g. Reppert, 1998; Sangoram et al., 1998; . Nevertheless, the paths by which environmental signals travel to the oscillatory mechanism and by which the oscillatory mechanism regulates other physiological processes clearly travels through the cell membrane. A critical unanswered question then is how changes at the level of the membrane alter transcription and, conversely, how rhythmic gene expression alters membrane events.
Although these signalling mechanisms in SCN neurons are just beginning to be de®ned, there are several suggestions that Ca 2+ may be involved. First, Ca 2+ is known to regulate many of the diverse processes, e.g. membrane potential, secretion and gene expression that show circadian oscillations. The widespread nature of Ca 2+ regulatory actions led previous workers to speculate that this ion would be an ideal component of the circadian oscillatory system (Goto et al., 1985; Hasegawa et al., 1998) . Second, a light-regulated Ca 2+ in¯ux which appears to play a role in the molecular mechanisms by light alters the phase of the circadian system in several preparations including mammalian SCN (Ding et al., 1998; Obrietan et al., 1998) , molluscan BRNs (McMahon & Block, 1987; Colwell et al., 1994) , and perhaps the pineal (Zatz & Heath, 1995) . Finally, in tobacco and Arabidopsis plants expressing a transgene for Ca 2+ -sensitive luminescent protein apoaequorin, it has been possible to demonstrate circadian oscillations in [Ca 2+ ] i (Johnson et al., 1995) . Thus, it became of interest to determine if a circadian oscillation in [Ca 2+ ] i may also be found in mammalian pacemaker neurons in the SCN.
In order to address this issue, the present study utilized optical imaging techniques and fura2-AM to measure Ca 2+ levels in SCN cells in a brain slice preparation. As a ®rst step, a day±night comparison was made between basal Ca 2+ levels in SCN slices from animals maintained in a light±dark (LD) cycle. Animals from a reversed LD cycle were used to con®rm that the phase of the rhythm was determined by the prior LD cycle. Next, experiments were run to determine whether any diurnal variation would remain when animals were placed in constant darkness or constant light. The expression of circadian rhythms will continue in constant darkness yet, in many cases, will dampen out in constant light. Finally, the sodium channel blocker tetrodotoxin (TTX) and the Ca 2+ channel blocker methoxyverapamil were used to examine the contribution of these voltagesensitive currents.
Materials and methods

Animals and brain slice preparation
The UCLA Animal Research Committee approved the experimental protocols used in this study. Brain slices were prepared using standard techniques from rats (Sprague±Dawley) between 10 and 14 days old. For reasons that are not completely understood, infrared (IR) differential interference contrast (DIC) video microscopy and bulk dye loading with acetoxymethyl (AM) esters work better in slices from young animals. The circadian oscillator based in the SCN is functional by this age (e.g. Reppert & Schwartz, 1984) . Rats were killed by decapitation, brains dissected and placed in cold oxygenated arti®cial cerebral spinal¯uid (ACSF) containing (in mM): NaCl, 130; NaHCO 3 , 26; KCl, 3; MgCl 2 , 5; NaH 2 PO 4 , 1.25; CaCl 2 , 1.0; glucose, 10 (pH 7.2±7.4). After cutting slices, transverse sections (350 mm) were placed in ACSF (25±27°C) for at least 1 h (in this solution CaCl 2 was increased to 2 mM, MgCl 2 was decreased to 2 mM and 4 mM lactate was added). Slices were constantly oxygenated with 95% O 2 ±5% CO 2 . Slices were placed in a perfusion chamber (Warner Instruments, CT, USA) attached to the stage of the ®xed-stage upright microscope. The slice was held down with thin nylon threads glued to a platinum wire and submerged in continuously¯owing, oxygenated ACSF (25°C) at 2 mL/min. Solution exchanges within the slice were achieved by a rapid gravity feed delivery system. In our system, the effects of bath-applied drugs begin within 15 s and are typically complete by 1±2 min.
IR DIC video microscopy
Slices were viewed with an upright compound microscope (BX50 Olympus, NY, USA), using a water immersion lens (40 3) and DIC optics. They were illuminated with near IR light by placing an IR bandpass ®lter (750±1050 nm) in the light path. The image was detected with an IR-sensitive video camera (C2400 Hamamatsu, NJ, USA) and displayed on a video monitor. A camera controller allowed analogue contrast enhancement and gain control. Cells were typically visualized from 30 to 100 mm below the surface of the slice. In the present study, IR video microscopy was utilized to visualize cells within the brain slice and to limit some of the uncertainty as to the cell type. This imaging technique allowed us to clearly see the SCN and to exclude cells from the surrounding hypothalamic regions. In addition, morphological criteria were used to target SCN neurons and to avoid taking measurements from cells that were clearly glia. While size is hardly foolproof, in a few cases, electrophysiological recording and¯uorescent imaging were combined to demonstrate that the cells from which Ca 2+ levels were being measured indeed show the electrical properties of neurons (n = 4). Accordingly, it is likely that most of the data were collected from SCN neurons.
Calcium imaging
A cooled CCD camera (Microview model 1317 3 1035 pixel format, Princeton Instruments, NJ, USA) was added to the Olympus ®xed-stage microscope to measure¯uorescence. In order to load the dye into cells, slices were incubated in membrane-permeable fura2 AM (50 mM) at 35°C for 10 min. Empirically, we have found that this protocol results in well-loaded neurons in the SCN brain slice preparation. The¯uorescence of fura2 was excited alternatively at wavelengths of 357 nm and 380 nm by means of a high-speed wavelength-switching device (Lambda DG-4; Sutter, CA, USA). Image analysis software (MetaFlour, Universal Imaging, PA, USA) allowed the selection of several`regions of interest' within the ®eld from which measurements are taken. In order to minimize bleaching, the intensity of excitation light and sampling frequency was kept as low as possible. In these experiments the intensity of excitation light was measured as 18 mW out of the objective, and measurements were normally made once every 2 s.
Calibration of Ca 2+ signals
Free [Ca 2+ ] was calculated from the ratio (R) of¯uorescence at 357 and 380 nm, using the following equation: (Grynkiewicz et al., 1985) . The value of K d was assumed to be 135 nM, while values for R min and R max were all determined via calibration methods. Initially, an in vitro method was used to estimate values. With this method, rectangle glass capillaries were ®lled with a high-Ca 2+ (fura2 + 10 mM Ca 2+ ), a low-Ca 2+ (fura2 + 10 mM EGTA) and a control saline without fura2. Thē uorescence (F) at 380 nm excitation of the low-Ca 2+ solution was imaged and the exposure of the camera adjusted to maximize the signal. These camera settings were then ®xed and measurements made with 380 and 357 nm excitation of the three solutions.
In addition, an in vivo calibration method was also used. For this, SCN cells were loaded via the patch pipette using solutions inside the electrode similar to the normal internal solution but containing either no Ca 2+ (20 mM EGTA) or 10 mM Ca 2+ for R min and R max , respectively.
Lighting conditions
In order to look for possible diurnal variation in Ca 2+ levels, animals were maintained on a daily LD cycle consisting of 12 h of light followed by 12 h of dark. It is already well established that cells in the SCN continue to show circadian oscillations when isolated from the animal in a brain slice preparation. Accordingly, care must be taken as to the time in the daily cycle when the data are collected. All of the animals were killed 30 min before the time that the lights would have turned off in the LD cycle. The data from these animals were collected between zeitgeber time (ZT) 13±18 and pooled to form à night' group. For comparison, some of the animals were killed immediately after the lights came on. The data from these animals were collected between ZT 1±6 and pooled to form a`day' group.
Statistical analyses
Between-group differences were evaluated using t-tests or Mann± Whitney rank sum tests when appropriate. Values were considered signi®cantly different if P < 0.05. All tests were performed using SigmaStat (SPSS, IL, USA). In the text, values are shown as mean 6 SEM.
Results
Data were collected from a total of 1320 cells from 65 animals. All groups contained data from at least ®ve animals. Each of these cells was determined to be within the SCN by directly visualizing the cell's location with IR DIC video microscopy before any Ca 2+ data were collected (Fig. 1) . A bulk loading procedure was used to load cells with a membrane-permeable form of the Ca 2+ indicator dye fura2. This procedure produced an even loading of many cells in SCN slices from young animals ( Fig. 2 ; 10±14-day-old rats were used in the current study). Cells that exhibited uneven loading due to dye sequestration were not included in the data set. Small cell types including glia were easily identi®ed and were not included in the data set. In four cases, a single cell was ®lled with the Ca 2+ indicator dye by loading through a patch pipette. In each case, the cell could generate action potentials and thus had the electrical properties of a neuron. Ca 2+ levels in each cell were sampled every 2 s for a total of 5 min. The average value over this 5-min interval was viewed to be the cell's resting Ca 2+ level. No cell was sampled more than once.
The stability of these measurements was determined by examining how measured values changed through time in fura2-loaded SCN cells in the absence of stimulation. Sampling every 2 s for a total of 10 min, the raw intensity values changed by 4 6 1% after 5 min and by 8 6 2% after 10 min (n = 54).
Diurnal rhythm in resting Ca 2+ levels in SCN cells
The ®rst experiment was designed to determine whether resting, nonstimulated Ca 2+ levels in SCN neurons varied between day and night. These experiments were performed with brain slices taken from animals during their day and compared with data obtained from brain slices from animals during their night (Fig. 3 ). Rats were killed immediately after lights-on for the`day' group or immediately before lights-off for the`night' group. Other than the time that the animals were killed, all other conditions between the day and night groups remained constant. Each cell was measured only once. The data were collected between ZT 0±6 and ZT 12±18, and were pooled to form à day' and`night' group. There was a daily rhythm in [Ca 2+ ] i with measured values signi®cantly higher (118%) during the day than during the night (P < 0.001). [Ca 2+ ] i was estimated to be 135 6 6 nM (n = 238) for the day group and 62 6 3 nM (n = 180) for the night group. This rhythm was not observed in SCN cells taken from animals that were less than 7 days old. In these animals, the night levels were not signi®cantly different from the day (day, 141 6 5 nM, n = 91; night, 135 6 5 nM, n = 55). In order to demonstrate that the phase of the rhythm was determined by the prior LD cycle, a group of animals (n = 10) was housed in a`reversed' LD cycle (Fig. 3) . Again, Ca 2+ values were signi®cantly higher (55%) during the day (152 6 4 nM, n = 174) then during the night (98 6 2 nM, n = 212), suggesting that the observed daily variation is determined by the phase of the LD cycle and not some other unknown variable.
A major source of auto¯uorescence appears to be due to the NADH molecule, and there is some concern that a daily rhythm in auto¯uorescence could be produced as a by-product of the wellestablished daily rhythm in cellular metabolism in the SCN. In the brain slice, the auto¯uorescent signal measured from the SCN cells averaged 16 6 0.6 arbitrary intensity units, while the signal from the dye-loaded cells averaged 314 6 2.5. While this con®rms the presence of a measurable auto¯uorescent signal from the brain slice (e.g. Brooke et al., 1996) , this signal did not vary signi®cantly from day and night, and would have a minor impact on the measured rhythm.
Rhythm in Ca 2+ appears to be circadian
In order to demonstrate that any diurnal rhythm is circadian, it is necessary to show that the rhythm continues in constant darkness. For these experiments, animals were placed in constant darkness for 2 days prior to the preparation of brain slices. The data were collected between circadian time (CT) 0±6 and CT 12±18 and were pooled to form a`subjective day' and`subjective night' group (Fig. 4) . Again, there was a daily rhythm in Ca 2+ with measured values signi®cantly higher (57%) during the subjective day then during the subjective night (P < 0.001). Free Ca 2+ concentration was estimated to be 144 6 3 nM (n = 191) for the day group and 91 6 3 nM (n = 142) for the night group. In many organisms, including rats, exposure to bright constant light prevents the expression of circadian rhythms in locomotor activity and body temperature (e.g. Depres-Brummer et al., 1995; Cambras et al., 1998) . One explanation for this phenomenon is that the constant light stops the motion of the central oscillatory mechanisms (e.g. Pittendrigh, 1966) . Accordingly, it was of interest to determine the effect of constant light on the rhythm in Ca 2+ . For this experiment, animals were placed in constant light for 10±14 days prior to the preparation of brain slices (Fig. 4) . Under these conditions, there was no measurable rhythm in Ca 2+ levels (day, 143 6 5 nM, n = 76; night, 132 6 5 nM, n = 51). The observations that the rhythm continues in constant darkness, but not in constant light, strongly suggest that the rhythm is circadian in nature.
Rhythm in Ca 2+ blocked by ion channel blockers
Finally, in order to gain some insights into the mechanisms underlying these rhythms, the ion channel blockers TTX and methoxyverapamil were applied (Fig. 5) SCN cell loaded with fura2 salt through the patch pipette. Cells were excited at 380 nm and images were over-exposed to aid in visualization of the ®lled cells. Rats were 14 days old.
niques were used to con®rm that application of TTX (1 mM) blocked voltage-gated Na + currents, and methoxyverapamil (500 mM) signi®cantly inhibited high-voltage-activating Ca 2+ currents in SCN neurons. In the presence of TTX, the rhythm in Ca 2+ was not observed (day, 81 6 2 nM, n = 131; night, 78 6 4 nM, n = 69). Because Ca 2+ in¯ux through voltage-activated channels is a major source of action potential-induced Ca 2+ increases (e.g. Lev-Ram et al., 1992; Miyakawa et al., 1992; Muri & Knopfel, 1994; Bollmann et al., 1998) , some experiments were run in the presence of the Ca 2+ channel blocker methoxyverapamil. After application of methoxyverapamil, the rhythm in Ca 2+ was not observed (day, 76 6 4 nM, n = 33; night, 68 6 3 nM, n = 45). In both cases, it was the higher day levels that were signi®cantly inhibited by application of these ion channels blockers while the night levels were not signi®cantly impacted. The net result was the loss of the rhythm in the presence of these inhibitors.
Discussion
In the present study, imaging techniques and the indicator dye fura2 were utilized to estimate basal Ca 2+ levels in SCN cells of the mammalian hypothalamus. The resulting data indicate that there was a daily rhythm of Ca 2+ . The phase of this rhythm was determined by the LD cycle to which the rats were exposed with the Ca 2+ levels peaking during the day. This rhythm exhibited some of the properties of a circadian oscillation with the rhythm continuing when animals were held in constant darkness but not constant light. Finally, the rhythm was blocked by the application of a voltage-sensitive Na + or Ca 2+ ion channel blocker. Overall, the results suggest the presence of a circadian oscillation of resting [Ca 2+ ] i in SCN cells that is driven by the rhythm in electrical activity.
The measured rhythm was a relatively low amplitude oscillation. The peak levels during the day were estimated to average 135 nM while levels during the night fell to 62 nM. The Ca 2+ in¯ux associated FIG. 3 . Diurnal rhythm of resting Ca 2+ levels in cells in the SCN. In these experiments, resting Ca 2+ levels were estimated in SCN neurons in brain slices from animals during their day and compared with data obtained from brain slices from animals during their night. Animals were killed at either ZT 0 for the day group or ZT 12 for the night group. Each cell is sampled only once. Top panels: histograms showing that Ca 2+ levels in SCN cells peak during the day. [Ca 2+ ] i was estimated to be 135 6 6 nM (n = 238) for the day group and 62 6 3 nM (n = 180) for the night group (P < 0.001). When the phase of the light±dark cycle to which the animals were exposed was reversed, so did the resulting rhythm. This result demonstrates that the observed daily variation is determined by the phase of the LD cycle and not some other unknown variable. Middle panel: histograms illustrating the daily variation in the distribution of Ca 2+ levels. Bottom panel: histograms illustrating average Ca 2+ levels as a function of time from which the data were collected.
FIG. 4. Circadian rhythm of resting Ca
2+ levels in cells in the SCN. In these experiments animals were maintained in constant conditions and resting Ca 2+ levels were estimated in SCN neurons in brain slices from animals during their subjective day and compared with data obtained from brain slices from animals during their subjective night. Left panel: when animals were maintained in constant dark, the rhythm in Ca 2+ levels in SCN cells continues to be observed with phase determined by prior LD cycle. Right panel: when animals were placed in bright constant light for 10±14 days, the rhythm in Ca 2+ levels was no longer observed. The observations that the rhythm continues in constant darkness, but not in constant light, strongly suggest that the rhythm in [Ca 2+ ] i is circadian.
FIG. 5. Daily rhythm in Ca
2+ levels was blocked by application of ion channel inhibitors. In these experiments, resting Ca 2+ levels were estimated in SCN neurons in brain slices from animals during their day and compared with data obtained from brain slices from animals during their night. Left panel: in the presence of TTX, the rhythm in Ca 2+ was not observed (day, 81 6 2 nM, n = 131; night, 78 6 4 nM, n = 69). Right panel: in the presence of methoxyverapamil, the rhythm in Ca 2+ was not observed (day, 76 6 4 nM, n = 33; night, 68 6 3 nM, n = 45). In both cases, it was the higher day levels that were signi®cantly inhibited (P < 0.001) by application of these inhibitors, while the night levels were not signi®cantly impacted. The net result was the loss of the rhythm in the presence of these ion channel inhibitors.
with action potential ®ring is thought to produce a brief, highconcentration (> 100 mM), localized gradient of Ca 2+ near open Ca 2+ channels (e.g. Zucker, 1996; Rahamimoff & Fernandez, 1997; Neher, 1998) . These gradients are rapidly dissipated by diffusion and binding to buffers, and would not be seen by slow, volume-averaged measurements used in the present study. However, these rapid in¯uxes would contribute to the Ca 2+ load in a slower and diffuse Ca 2+ pool that is referred to as residual Ca 2+ (e.g. Delaney & Tank, 1994; Tank et al., 1995) . It is this pool that the current study measured with the high-af®nity Ca 2+ indicator fura2. The [Ca 2+ ] i in the cytoplasm results from the highly regulated balance between the rates of Ca 2+ in¯ux and removal. Although the current study did not explore the possibility of circadian regulation of Ca 2+ removal mechanisms, there is good reason to suspect that the rhythm in basal [Ca 2+ ] i can be accounted for by a daily rhythm in Ca 2+ in¯ux. SCN neurons are known to exhibit a daily rhythm of spontaneous neural activity with activity peaking during the day at 5±10 Hz (Inouye & Kawamura, 1979; Green & Gillette, 1982; Groos & Hendriks, 1982; Shibata et al., 1982) . This rhythm may be driven by a daily rhythm in membrane conductance (Jiang et al., 1997; Schaap et al., 1999) . Therefore, the simplest explanation for the observed rhythm in Ca 2+ is that it is driven by membrane events. The observation that the rhythm is not seen in the presence of the ion channel blockers TTX or methoxyverapamil certainly supports this interpretation. In addition, the magnitude of the daily change (~70 nM) is consistent with the results of other studies investigating the effects of acute electrical activity on Ca 2+ levels in the soma (Regehr & Tank, 1990 Knopfel & Gahwiler, 1992; Miyakawa et al., 1992; Muri & Knopfel, 1994; Wong et al., 1998) . One of the unique aspects of the data from the current study is the suggestion that SCN neurons undergo steady-state changes in [Ca 2+ ] i that last for hours.
Conceptually it is useful to think of the circadian system as having three components: (i) an oscillator or clock responsible for the generation of the daily rhythm; (ii) input pathways by which the environment and other components of the nervous system provide information to the oscillator; and (iii) output pathways by which the oscillator provides temporal information to a wide range of physiological and behavioural control centres. The results of previous studies suggest that a glutamate-induced Ca 2+ in¯ux is part of the input pathway by which light causes phase shifts of the circadian system (Colwell & Menaker, 1996; Ding et al., 1998; Obrietan et al., 1998) . The data in the present study are most consistent with Ca 2+ also acting as an output of the circadian system. Perhaps, most convincing, is the observation that the ion channel blockers TTX and methoxyverapamil block expression of the rhythm. Previous studies have shown that TTX blocks input to and outputs from the circadian system but does not stop the underlying clock mechanisms (e.g. Schwartz et al., 1987; Earnest et al., 1991; Shibata & Moore, 1993) . In addition, the rhythm in Ca 2+ could not be measured from animals of less than 7 days old. The SCN oscillations measured by glucose metabolism develop prior to birth (e.g. Reppert & Schwartz, 1984) . Thus, developmental disassociation also argues against this rhythm in Ca 2+ being essential for the generation of the circadian oscillation. Finally, our current understanding is that the core biochemical clock mechanisms involve rhythmic expression of transcription factors, e.g. mPer, that feedback to alter their own transcription on a circadian time scale. It is possible, even likely, that some components of this core molecular mechanisms are Ca 2+ sensitive. For example, recent evidence suggests that basic-loop-helix proteins are a critical positive element driving this molecular feedback loop Hogenesch et al., 1998; Sangoram et al., 1998) . There is evidence that the activity of basic-loop-helix proteins can be repressed by an increase in intracellular Ca 2+ concentration (Hermann et al., 1998) . Although the Ca 2+ dependence (K d ) of this regulation is not known, this is one mechanism by which the rhythm in Ca 2+ may in¯uence the core molecular mechanisms that underlie circadian oscillations. Nevertheless, for the reasons discussed above, it does not appear to be likely that rhythmic Ca 2+ levels are needed to drive this oscillation. In this context, it is best to think about the rhythm in Ca 2+ levels as an output of the circadian oscillator. A similar conclusion was reached by Johnson and colleagues working in plant systems (Johnson et al., 1995) . Utilizing tobacco and Arabidopsis plants expressing a transgene for Ca 2+ -sensitive luminescent protein apoaequorin, these workers were also able to demonstrate circadian oscillations in [Ca 2+ ] i . These observations raise the possibility that circadian oscillations in cytosolic Ca 2+ may be a widespread feature of circadian timing systems.
